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Objective: Fetal cartilage anlage provides a framework for endochondral ossiﬁcation and organization
into articular cartilage. We previously reported differences between mechanical properties of talar
cartilage anlagen and adult articular cartilage. However, the underlying development-associated changes
remain to be established. Delineation of the normal evolvement of mechanical properties and its asso-
ciated compositional basis provides insight into the natural mechanisms of cartilage maturation. Our goal
was to address this issue.
Materials and methods: Human fetal cartilage anlagen were harvested from the tali of normal stillborn
fetuses from 20 to 36 weeks of gestational age. Data obtained from stress relaxation experiments con-
ducted under conﬁned and unconﬁned compression conﬁgurations were processed to derive the
compressive mechanical properties. The compressive mechanical properties were extracted from a linear
ﬁt to the equilibrium response in unconﬁned compression, and by using the nonlinear biphasic theory to
ﬁt to the experimental data from the conﬁned compression experiment, both in stresserelaxation. The
molecular composition was obtained using Fourier transform infrared (FTIR), and spatial maps of tissue
contents per dry weight were created using FTIR imaging. Correlative and regression analyses were
performed to identify relationships between the mechanical properties and age, compositional prop-
erties and age, and mechanical vs compositional parameters.
Results: All of the compositional quantities and the mechanical properties excluding the Poisson’s ratio
changed with maturation. Stiffness increased by a factor ofw2.5 and permeability decreased by 20% over
the period studied. Collagen content and degree of collagen integrity increased with age by w3-fold,
while the proteoglycan content decreased by 18%. Signiﬁcant relations were found between the
mechanical and compositional properties.
Conclusion: The mechanics of fetal talar cartilage is related to its composition, where the collagen and
proteoglycan network play a prominent role. An understanding of the mechanisms of early cartilage
maturation could provide a framework to guide tissue-engineering strategies.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The primitive material of which the early cartilaginous precur-
sors (cartilage anlagen) to skeletal system are made undergoes
speciﬁc and unique changes in composition, structural organiza-
tion, andmechanical properties as it develops and evolves into fully
functional bone, hyaline cartilage, and ﬁbrocartilage.o: S. Siegler, Department of
iversity, 3141 Chestnut St.,
2316.
).
s Research Society International. PThe biomechanical properties describing the compressive
behavior of cartilage are the conﬁned compression aggregate
modulus (HA), and the hydraulic permeability (k0) with a factor M
describing its dependence on compaction. The equilibrium
response in an unconﬁned compression conﬁguration is captured
by the Young’s modulus (Es) of the solid matrix and the Poisson’s
ratio (ns). The biomechanical properties of cartilage have been
mainly associated with the collagen (COL) network and the
glycosaminoglycan (GAG) constituents [negatively charged chains
attached to the core protein of proteoglycans (PGs)]1e5. The elec-
trostatic swelling caused by the negative charges of GAG molecules
provides resistance to compression. The collagen network parti-
tions the intra- and extraﬁbrillar ﬂuid content, which also affectsublished by Elsevier Ltd. All rights reserved.
Fig. 1. The three stages involved in preparation of the samples for testing: isolation of
the talus, 1.5 mm thick sagittal slices through the talus, and obtaining cylindrical
samples from the slices. (A) Dorsal view of an isolated fetal talus. The scale units are
millimeters. (B) 1.5 mm thick sagittal slice through a fetal talus showing the ON and
the general region (S) form which samples were obtained (the circle does not repre-
sent specimen size). (C) A cylindrical sample of fetal anlage used for testing.
Fig. 2. A typical FTIR spectrum obtained from a talus cartilage anlage.
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PGs to the equilibrium compressive stiffness has also been identi-
ﬁed3. The collagen network and the cross-linking of its ﬁbrils
determine the tensile and shear stiffness of cartilage8,9, as well as
its compressive properties1,2,5e7,10e12. The hydraulic permeability,
a measure of the ease of ﬂuid transport through the solid matrix, is
dependent physically on the porous structure of the matrix, and
chemically on PGs through various mechanisms3.
Fourier transform infrared (FTIR) spectroscopy is a powerful tool
for simultaneous assessment of composition and microstructure of
biological tissues such as bone and cartilage13. The frequency at
which a molecule absorbs infrared radiation is sensitive to confor-
mation and can be used to obtain information on protein structure
and when polarized, on orientation. FTIR spectroscopy has been
used to characterize the spectral signatures of collagen and PGs as
well as structural parameters of the collagen network including
collagen orientation, integrity (COLInt), and level of collagen cross-
linking13. The coupling of an FTIR spectrometer with an optical
microscope with an array detector, FTIR imaging spectroscopy
(FT-IRIS), is a technique that provides a unique opportunity to study
the relative amount, molecular nature, and distribution of the
components of connective tissues and essentially allows for
“infrared imaging” of the sample at micron spatial resolutions.
Many studies describe the mechanics, composition and struc-
ture of adult articular cartilage4,14,15, but only few studies focus on
prenatal articular cartilage5,16e18, early postnatal articular carti-
lage19,20, and growth plate cartilage21. In more recent studies of
postnatal development of the collagen network in articular carti-
lage, differences between immature and mature collagen network
have been revealed22e25. In other work, the developmental changes
in PG concentration, monomer and aggregate size, and side chains
in articular cartilage and different zones of growth plate cartilage of
long bones, as well as the changes associated with calciﬁcation
have been investigated26e30. Few studies have addressed the rela-
tionship between structure/composition and function of fetal or
early postnatal articular cartilage5,17,18,31e33; however, such reports
are more abundant for adult tissue2,3,34e36. Overall, most of our
knowledge is derived from mature and late fetal stages with the
subject being predominantly “articular” cartilage. Additionally,
prior studies have only focused on a single fetal stage in comparison
to young postnatal and adult specimens, without evaluation of
different gestational stages to focus on prenatal development.
While the general development of anlagen and their ossiﬁcation
arewell documented,much remains tobe elucidated on the temporal
and spatial sequences for replacing primitive (i.e., poorly cross-
linked) collagen and PG with mature collagen ﬁbril networks and
highly structured aggrecans in the articular cartilage, and the changes
associated with bone formation in ossifying cartilage. Knowledge of
the changes that anlagen undergo during development may provide
a paradigm for guidance constructs tissue engineered from primitive
mesenchymal stem cells, particularly those intended for cartilage
repair or replacement. Furthermore, relationships between cartilage
compositional and mechanical properties may provide for helpful
markers for assessmentofmechanical quality of engineered cartilage.
An improved understanding of such relationships might also aid in
development of more realistic theoretical models of developing
cartilage. Spatial mapping of tissue contents at various ages at high
resolution achievable by FT-IRIS techniques provides easily inter-
pretable visual clues into development.
Our objectives were thus to (1) characterize the mechanical
properties of human talar cartilage anlagen in themiddle to late fetal
period, (2) assess the molecular composition of the same tissue
specimen using FTIR analysis and obtain high resolution spatial
mappings of these parameters, and (3) determinewhether relations
existed between the molecular composition and mechanical
Fig. 3. The region of interest in the FTIR spectra obtained from talus cartilage anlagen
of the youngest (A) and oldest (B) specimens. The absorbance bands utilized to
calculate collagen, PG and collagen integrity are labeled. The absorbance just above
1,400 cm1 is from parafﬁn as noted in the ﬁgure.
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mechanical properties with age and with respect to one another.
Materials and methods
Fresh talus anlagen were obtained from seven stillborn fetuses
with gestational ages of 20, 25, 28, 30, 31, 33 and 36 weeks asFig. 4. Changes in mechanical properties with age. (A) Young’s and aggregate moduli (Es and
ratio obtained from solving for 2HAv2s þ ðHA  EsÞvs  ðHA  EsÞ ¼ 0. (C) Permeability an
compression. Age is the number of weeks from conception as estimated from the crown-r
permeability became more compaction dependent. Two specimens were harvested from eac
at each age standard deviation.determined from crown-to-rump length measurements [Fig. 1(A)].
Each talus was prepared for two purposes: one half was used for
FT-IRIS while the other half was used for mechanical testing fol-
lowed by FTIR spectroscopy.Mechanical testing
One half of the talus was sliced into 1.5 mm thick sagittal slices
[Fig. 1(B)] using a manual tissue slicer with a micrometer controlled
stage. In the younger specimens (20, 25 and 28 weeks of gestation)
no ossiﬁc nucleus (ON) was detected, while in the older specimen
a well developed ON was present [Fig. 1(B)]. Two samples were
obtained from slices of each age (14 total) using a 3.00 mm biopsy
punch [Fig. 1(C)]. The plugs were submerged in phosphate-buffered
saline (PBS) and frozen at80C until the day of testing. On the day
of testing, samples were thawed at room temperature and allowed
1.5 h in PBS to equilibrate. Each sample was ﬁrst tested in conﬁned
compression, allowed to recover for 1.5 h at room temperature, and
then tested in unconﬁned compression, both in a custom-designed
apparatus37. Samples were submerged in normal saline solution
containing enzyme inhibitors during testing and recovery time
between the tests. Prior to data collection, a preconditioning load of
3.3 N was applied for 60 s, removed, and was followed by a tare
load of 0.06 N for 900 s. The stress relaxation experiment was then
performed by applying a displacement history to the top surface of
samples, consisting of four ramps (5% strain each, 1 mm/s), followed
by a stress relaxation period of 500 s. The loading protocol was the
same for both conﬁgurations.
The Young’s modulus (Es) and aggregate modulus (HA,
a measure of the compressive resistance in a laterally conﬁned
geometry) were determined from linear ﬁts to the equilibrium
stressestrain data of unconﬁned and conﬁned compression tests
respectively. In a custom-written code inMATLAB, the permeability
parameters (k0 and M) were determined by ﬁnding the best ﬁt to
the stress-time data of the conﬁned compression tests using theHA) as determined by unconﬁned and conﬁned compression respectively. (B) Poisson’s
d (D) strain-dependence coefﬁcient of permeability as determined from conﬁned
ump length. Tissues became less compliant and less permeable with maturation, and
h fetus; each was tested only once. Data points and error bars represent average values
Fig. 5. Changes in compositional properties with age. Compositional parameters were
determined via FTIR analysis by calculating areas of corresponding absorbance bands.
(A) Collagen dry weight content (Amide I band). (B) PG dry weight content
(900e1,200 cm1 band). (C) Collagen integrity parameter (area ratio of 1,338 cm1/
Amide II bands). Age is the number of weeks from conception as estimated from the
crown-rump length. With maturation collagen dry weight content and integrity
increased while PG dry weight content decreased. Two specimens were harvested
from each fetus; each was tested only once. Data points and error bars represent
average values at each age standard deviation.
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proposed by Lai and Mow39. The Poisson’s ratio was determined
indirectly by solving the following equation for ns:
2HAv
2
s þ ðHA  EsÞvs  ðHA  EsÞ ¼ 0
Further detail can be found in our previous report37.
FTIR analyses
Following mechanical testing, the specimens were kept frozen.
On the day of FTIR analysis, specimens were thawed to room
temperature and air dried at 20C for 1 h. Cartilage samples andmodel compounds containing mixtures of pure collagen type II and
pure chondroitin sulfate (CS) e an identifying GAG of the aggrecan
PGe in varying proportions (100% collagen/0% CS, 75% collagen/25%
CS, 50% collagen/50% CS, 25% collagen/75% CS, 0% collagen/100% CS)
were analyzed by FTIR on a Perkin Elmer Spectrum One IR Spec-
trometer (PerkinElmer,Waltham,MA,USA)with anATR attachment
in the 650e4,000 cm1 spectral region with a 4 cm1 resolution.
The FTIR results obtained from the model compounds provided the
basis for a semi-quantitative measure of collagen and PG content40
(% dry weight) of the tarsal anlagen samples. The primary mid-IR
vibrations of collagen and PG in the tarsal anlagen samples were
monitored simultaneously. The amide A, I, II and III infrared absor-
bances from collagen result from vibrations of the peptide bonds.
The IR spectra of PGs display absorbances fromamide bonds, sulfate
stretchingmodes, vibrations of the sugar ringmoiety (CeOeC, CeC),
and CeOeS modes. Integrated areas of mid infrared absorbance
bands are proportional to the quantity of a speciﬁc component
present. Thus, the areas of the collagen amide I absorbance
(1,590e1,720 cm1) and the PG sugar ring absorbances
(900e1,200 cm1) were calculated and used to obtain a semi-
quantitative measure of collagen and PG content per dry weight
respectively using the area-to-composition relationships developed
with constituent model compounds. The ratio of the area under the
infrared absorbance centered at 1,338 cm1 (1,300e1,356 cm1) to
the area of the amide II band (1,492e1,598 cm1) was used to
measure the integrity of the collagenﬁbrils41e43. A graph of a typical
spectrum is displayed in Fig. 2. The regionof interest of the spectra of
the youngest and oldest specimens is shown in Fig. 3.
From the remaining halves of the tali we acquired FT-IRIS data
from parafﬁn-embedded tissue sections. Tissues were processed for
parafﬁn embedding through a series of steps that involved decal-
ciﬁcation, dehydration and PG containment. The tissue was ﬁxed
with 80% ethanol and 1% cetylpyridinium chloride (CPC), decal-
ciﬁed in EDTA, and embedded in parafﬁn. Sagittal sections were cut
at 7 m thickness and mounted onto KBr IR windows. Two co-added
scans at a 25 mm pixel resolution were collected in transmission
mode from histological tissue sections at 8 cm1 spectral resolution
using a Perkin Elmer Spotlight 300 system in the 400e4,000 cm1
spectral region. This system is comprised of an FTIR spectrometer
coupled with a light microscope and an 8 2 staggered linear array
detector, and allows data collection over a user-deﬁned rectangular
region up to 5 5 mm. FT-IRIS images were created based on the
speciﬁc vibrational absorbances for each component of interest
using ISys software v3.1 (Spectral Dimensions, Olney, MD, USA).
The absorbance bands were baseline-corrected and then inte-
grated. Information on distribution and dry weight content of
collagen and PG, and spatial mapping of collagen integrity was
obtained based on integrated areas or area ratios of infrared
absorbance bands, as described in the previous paragraph.
Transmission light microscopy (TLM) images of histologically
stained slices from around the talar dome region (articulation with
the tibia) in the 20 week (youngest) and 36 week (oldest) speci-
mens were also obtained.
Statistical analysis
Data arepresented asmean standarddeviation.Meanvalues of
mechanical and compositional quantities measured at each devel-
opmental stage were analyzed by bivariate correlations for detect-
ing a linear associationwith age. Pearson correlation coefﬁcients (r)
and signiﬁcance levels of effects (P) were calculated. Univariate
linear regression was utilized to obtain models of mechanical and
compositional properties as a function of age, with the exception of
HA for which a second order polynomial was used. Linear mixed
model analysis based on a maximum likelihood method was
Fig. 6. Relationships between stiffness moduli and tissue composition. Compositional parameters were determined via FTIR analysis by calculating areas of corresponding
absorbance bands as speciﬁed in the following parentheses. Figure shows aggregate modulus as obtained from conﬁned compression vs (A) collagen dry weight content (Amide I),
(B) PG dry weight content (900e1,200 cm1), and (C) collagen integrity parameter (ratio of 1,338 cm1/Amide II); and Young’s modulus as determined from unconﬁned
compression vs (D) collagen dry weight content, (E) PG dry weight content, and (F) collagen integrity parameter. Regression lines were obtained using a linear mixed model
approach to include the effect of dependence of observations within each fetal age group (two specimens from each of the seven age groups e each specimen tested once
mechanically followed by FTIR analysis). Asterisks mark cases where no signiﬁcant relationship existed between the two quantities (Es and COL, Es and PG).
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properties and each of the compositional parameters. The intercept
and regression coefﬁcients were treated as ﬁxed effects while age
was used for subject grouping (total of seven groups) and consid-
ered a random effect. This allowed for the specimens belonging to
the same fetus (two per fetus) to be considered dependent while
measurements from different fetuses are independent. There were
no repeated measures. The regression coefﬁcients and signiﬁcance
levels of effects (P) were calculated. Effects were considered signif-
icant when P< 0.05. All statistical analyses were performed with
PASW Statistics 18.0.0 (IBM Corp., Somers, NY, USA).
Results
The aggregate modulus, HA, increased with age (r¼ 0.883,
P¼ 0.008) from 59.9 2.11 kPa in 20 weeks of gestation to
148 30.3 kPa in the thirty-sixthweek (Fig. 4). ES increasedwith age
(r¼ 0.913, P¼ 0.004) from 2.010.991 kPa to 46.310.3 kPa
(Fig. 4). The hydraulic permeability, k0, decreased with age(r¼0.903, P¼ 0.005) from 2.64 0.451014 m4 N1 s1 to
2.06 0.131014 m4N1 s1 (Fig. 4). The strain-dependence coef-
ﬁcient of permeability, M, increased with age (r¼ 0.983, P< 0.001)
from 1.79 0.18 to 4.22 0.33 (Fig. 4). There was no signiﬁcant
correlationbetween thePoisson’s ratio andage (r¼ 0.323,P¼ 0.480)
during the period under study (0.43 0.03 to 0.43 0.02). Compo-
sition of the talar cartilage as determined by FTIR ATR spectroscopy
varied markedly with gestational age (Fig. 5). The collagen content
per dry weight and the degree of collagen integrity increased with
age (P< 0.001, with r¼ 0.973 and 0.967 respectively) by a factor of
3.62 and 3.43 respectively. The PG content per dry weight decreased
with respect to age (r¼0.931, P¼ 0.002) by a factor of 1.23.
Models of mechanical properties as functions of the measured
compositional quantities were obtained (Figs. 6 and 7). Signiﬁcant
relations were detected between HA and the three parameters COL
(P¼ 0.03), PG (P¼ 0.042), and COLInt (P¼ 0.004); and between ES
and COLInt (P¼ 0.024) but not between ES and COL (P¼ 0.561) and
PG (P¼ 0.42). Signiﬁcant relations were found between k0 and COL
(P¼ 0.006) and COLInt (P¼ 0.005) but not PG (P¼ 0.157); as well as
Fig. 7. Relationships between permeability parameters and tissue composition. Compositional parameters were determined via FTIR analysis by calculating areas of corresponding
absorbance bands as speciﬁed in the following parentheses. Figure shows permeability as obtained from conﬁned compression vs (A) collagen dry weight content (Amide I), (B) PG
dry weight content (900e1,200 cm1), and (C) collagen integrity parameter (1,338 cm1/Amide II ratio); and strain-dependence coefﬁcient of permeability as determined from
conﬁned compression vs (D) collagen dry weight content, (E) PG dry weight content, and (F) collagen integrity parameter. Regression lines were obtained using a linear mixed
model approach to include the effect of dependence of observations within each fetal age group (two specimens from each of the seven age groups e each specimen tested once
mechanically followed by FTIR analysis). Asterisks mark the cases where no signiﬁcant relationship existed between the two quantities (permeability and PG, M and COL).
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COLInt (P< 0.001) but not COL (P¼ 0.308). No effects were detected
between the Poisson’s ratio and the compositional parameters.
FT-IRIS images of sagittal slices of anlagen showed a continuous
increase in the collagen content per dry weight with gestational age
in all regions (Fig. 8). Consistently across ages, the spatial maps also
showedavery thin layerof highercollagendryweight content on the
surfaces followed by a region of lower collagen dry weight content
right beneath the surface, continued by a higher and rather uniform
distribution throughout the rest of the cartilage. This band decreased
inwidth and almost entirely disappeared by full term. PG dryweight
content decreased with development (Fig. 9), and PG distribution
became more uniformwith aging. In the older samples (30, 33, and
36 weeks) regions of higher PG concentration seemed to form near
the articulation surfaces. The collagen integrity parameter increased
with age (Fig. 10). In the 28 week specimen COLInt was distinctively
higher on the outer surface than on the interior regions of the
cartilage. This difference lessened with development; however, the
slightly higher values for this parameter were still observed onmost
of the outer surface as compared to the inside. Growth of the ON can
be appreciated in all images as the sample age increases.
TLM images showed enlargement of chondrocytes from the
youngest to the oldest specimen (Fig. 11). A band of notably lowercell density was observed near the surface in both images. The
width of this band was larger in the more mature sample.
Discussion
We previously showed marked differences between the
mechanical properties of talar cartilage anlage and mature articular
cartilage37. In thepresent study, changes inmechanical properties and
molecular composition of human talar anlagen during themid to late
fetal stages and the relationships between the twowere determined.
Only a small fraction of the talar cartilage anlage located at the
articulating surfaces evolves into articular cartilage while most of it
(used here for testing and FTIR) undergoes hypertrophy and calci-
ﬁcation, and is eventually replaced by bone. It has been demon-
strated that PGs have an inhibitory effect on matrix calciﬁcation
and apparently need to be removed prior to the onset of calciﬁca-
tion44. Several studies report decreased PG content and reduced PG
synthesis in the zones of cartilage hypertrophy and calciﬁca-
tion27,30,44 supporting our results showing a decrease in PG content
per dry weight with development (P¼ 0.01).
The increase in the collagen content indicated by our results has
been previously reported5,17. Paralleled with this growth in the
collagen network we found an increase in both stiffness moduli HA
Fig. 8. Spatial mapping of collagen dry weight content (area of Amide I band) in sagittal slices of talus anlage obtained with FT-IRIS (arbitrary units). Tissue sections were obtained
from ﬁve different human anlage samples, ages 25, 28, 30, 34 and 36 weeks, respectively. Red and blue on the color scale represent the highest and lowest contents respectively.
Collagen dry weight content increased with development. An area of lower collagen concentration right below the articulation regions is noted by arrows. This feature disappeared
by the thirty-sixth week. The ON was partially masked in the 30 and 34 week samples to facilitate image comparison. Scale bar units are pixels (1 pixel¼ 25 mm).
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believed to primarily contribute to the tensile properties of carti-
lage, its role in deﬁning the compressive behavior has been high-
lighted more in recent studies2,3,34,35.
Positive correlations between HA and GAG content have been
previously reported3,35. In this study we have found an inverseFig. 9. Spatial mapping of PG dry weight content (area of 900e1,200 cm1 band) in sagit
obtained from ﬁve different human anlage samples, ages 25, 28, 30, 34 and 36 weeks, re
respectively. Decrease in PG dry weight content is observed with maturation (the dark red r
The ON was partially masked in the 30 and 34 week samples to facilitate image comparisorelationship between HA and PG content per dry weight (P¼ 0.042).
Several different factors might explain this observation. It is known
that the swelling pressure of the GAG molecules depends on their
ﬁxed charge density (FCD e amount of negative charges per free
ﬂuid volume) which depends on the volume of the extraﬁbrillar
space where they reside. In this context, it is the amount of thetal slices of talus anlage obtained with FT-IRIS (arbitrary units). Tissue sections were
spectively. Red and blue on the color scale represent the highest and lowest values
egion in the thirty-sixth week sample at the location of the ON is a saturation artifact).
n. Scale bar units are pixels (1 pixel¼ 25 mm).
Fig. 10. Spatial mapping of collagen integrity parameter (1,338 cm1 area/Amide II area) in sagittal slices of talus anlage across different gestational ages obtained with FT-IRIS
(arbitrary units). Tissue sections were obtained from ﬁve different anlage samples, ages 25, 28, 30, 34 and 36 weeks, respectively. Red and blue on the color scale represent the
highest and lowest values respectively. The collagen integrity increases with development and is higher on the surfaces. The ON was partially masked in the 30 and 34 week
samples to facilitate image comparison. Scale bar units are pixels (1 pixel¼ 25 mm).
R. Mahmoodian et al. / Osteoarthritis and Cartilage 19 (2011) 1199e12091206negative charges that contribute to the compressive stiffness and
not the PG mass content itself. Due to shrinking of the extraﬁbrillar
space with increase in the collagen content, it is possible that
despite the decrease in dry weight percentage values of PG content,
the “concentration” of PGs in the extraﬁbrillar space and thus the
FCD may have decreased to a lesser degree than represented by the
dry weight measurements, remained constant, or even increased.
Consequently, it is not surprising that the developmental changes
in the collagen network in general, and the increase in the collagen
content in particular can cause an increase in the tissue’s
compressive stiffness albeit the reduction in the PG amount.
Additionally, another way in which the PGs enhance the structural
rigidity of the matrix is by their bulk mass and immobilization of
their large aggregates by the collagen network3. It is expected that
this form of contribution of PGs to stiffness is lessened by theFig. 11. TLM image of human cartilage anlage near and including talar dome, obtained from
the surface. Cell enlargement seen with maturation can be a sign of hypertrophy as the tisdecline in PG amounts as tissue develops. These results suggest
a more prominent role for the collagen network than has been
suggested by many articles, with key functional consequences.
Finally, there is a possibility of overestimation of PG content with
FTIR in samples with an inherently low PG content due to lack of
speciﬁcity of this technique33,45. A similar issue has been reported
for estimation of collagen content15. Nevertheless, in addition to
the ATR data showing decreased PG content per dry weight, the
FT-IRIS data also showed an approximately two fold decrease in PG
dry weight content from the 25 to 36 week samples. With these
data together, we can be conﬁdent that there is indeed a real
decrease in PG content per dry weight during anlagen develop-
ment, as expected. The current analysis did not attempt to distin-
guish between different types of collagen. However, more than 90%
of collagen in both immature and articular cartilage has beenthe 20 and 36 week fetuses. The images show an area of low chondrocyte density near
sue eventually calciﬁes and forms bone.
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greatly inﬂuenced our results.
Noting that hydraulic permeability is related to the matrix pore
structure, and the pore size and connectivity, the decrease with age
in this parameter can be explained by augmentation of the collagen
network size as development progresses. Permeability is also
related to the amount of compression, which causes a decrease in
the pore size and an increase in FCD. This effect is captured by the
coefﬁcient M. We observed an increase in M with age, in line with
ﬁndings of Williamson et al.5 for developing bovine articular
cartilage. This suggests that as the tissue matures, the permeability
becomesmore sensitive to the degree of compaction it experiences.
The decrease in porosity with maturation may also explain the
inverse relationship found here between permeability and the
collagen dry weight content.
The 1,338 cm1 absorbance band used in calculation of the
collagen integrity parameter (measured as the 1,338 cm1/amide II
ratio) is a feature that arises from collagen CH2 side chain vibra-
tions, and decreases in intensity as collagen denatures41. The inte-
grated area of the amide II collagen band divided by the area of
1,338 cm1 band (i.e., inverse of the ratio used in our study) has
been used as a measure of integrity of the collagen structure in
osteoarthritic and collagenase treated articular cartilage, and is
higher in osteoarthritic tissues compared to normal41. This suggests
an active tissue repair response manifested by heightened levels of
collagen synthesis early in the development of osteoarthritis.
Although this parameter has been used previously to examine
normal vs degenerative articular cartilage, the ﬁnding of our study
is consistent with those reports in that the integrity parameter
exhibits a rise with age, possibly attributable to collagen synthesis.
There is a large variation in the literature in the values of Pois-
son’s ratio from compression tests (0.0e0.42)4 stemming from e to
name a few e the use of non-standardized methods, specimen
sources, and varying test conﬁgurations. The Poisson’s ratio we
observed is at the high range of reported values, among a few other
studies18,37,48e50. One reason is that the Poisson’s ratio obtained
here is the intrinsic value. As ﬂuid drains from the lateral surfaces,
the total volume reduces and therefore the apparent Poisson’s ratio
is lower than the intrinsic Poisson’s ratio of the matrix. Second, the
collagen network primarily controls the Poisson’s ratio2. The tested
fetal cartilage anlage (mostly precursor to bone, not articular
cartilage) is soft and its collagen network lacks the organized ﬁbril
arrangement and high cross-linking (governing the tensile
behavior) present in adult articular cartilage, and thus has greater
tendency for lateral expansion (e.g., in unconﬁned compression)
which gives rise to higher Poisson’s ratios. Supporting this notion is
the inverse relationship between stiffness and Poisson’s ratio2.
The Poisson’s ratio remained approximately the same across
different ages of specimens. Increase of this parameter was previ-
ously reportedoverawider age range spanning fetal to adult humeral
head articular cartilage18. Lack of detectable changes in the Poisson’s
ratio might suggest that the structural organization of the collagen
network did not substantially change in our specimens over the
period studied. Further investigation focusing on collagen orienta-
tion and the degree of cross-linking will help explain these results.
Similarly, we found no signiﬁcant effects between the Poisson’s ratio
and the compositional properties. Previous studies reported absence
of such correlations between this parameter and GAG/PG content2,3
which is in agreement with our work; however, an inverse rela-
tionship between the Poisson’s ratio and collagen content of adult
bovine articular cartilage has also been shown to exist2.
The valley observed in the spatial mapping of collagen content
per dry weight right below the surface corresponds well and can be
explained with the TLM images. The state of hypertrophy in the
chondrocytes can be inferred from the enlargement of cells. Itseems that less collagen synthesis is occurring due to lower
concentration of chondrocytes underneath the surface as compared
to the rest of the tissue, explaining the observed valley in the
collagen content per dry weight in those areas. Understanding the
origin and compositionefunction relationships in this valley is of
great value, and remains to be elucidated.
An important limitation of our study is the limited number of
samples (standard deviations based on n¼ 2) to test due to the
difﬁculty in obtaining the human fetal cadaveric material. Despite
this factor, the resulting standard deviations were comparable to
literature values. Albeit possible to infer wet weight values by
assuming tissue’s dry mass content and cartilage density,
measurement of collagen and PG content as percentage per dry
weight is another limitation of our method.
Our observations have potential applications in functional tissue
engineering. Mechanical and compositional properties are
currently used mainly to assess the viability of tissue-engineered
cartilage end-product. However, one might envision inspecting
intermediate states of tissue-engineered cartilage to ensure its
development is along the path taken by native tissue. The use of
FTIR imaging of native and tissue-engineered cartilage has been
reviewed13 and parameters such as those utilized in our study have
been highlighted as appropriate measures of the development of
engineered cartilage1,13. The type of data we report may also
present a potential in the future for elucidating the mechanisms
underlying normal cartilage maintenance as well as the etiology of
diseases such as osteoarthritis and congenital deformities.
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